The global dispersal of dust-borne microorganisms may play an important role in the movement of microorganisms. Hundreds of millions of tons of dust are estimated to move some distance in the Earth's atmosphere each year (2, 21, 32) . Huge numbers of microorganisms may move between geographically distant regions along with the dust (25) . Since microparticles can shield bacteria from the inactivating effects of UV exposure (24) , bacteria might be able to survive during atmospheric movement. The atmospheric movement of microorganisms attached to soil particles may influence regional microbial ecology and human health (12, 23, 30) .
The majority of soil dust in the Earth's atmosphere originates from the Sahara and Sahel regions, and arid regions of Asia (7, 27) . Dust storms that affect East Asia are called Asian dust, and occur most frequently in the spring. They originate from arid regions in wide areas on the Asian continent such as deserts of northern China, the Loess plateau, the northern part of the Tibetan Plateau and the southern part of Mongolia (1, 14, 26, 32) . Recent studies with integrated dust storm monitoring systems based on satellite remote sensing, the lidar network, and isotopic analysis suggest that Asian dust is derived mostly from the Taklamakan desert, the Loess plateau, and deserts in the northern part of the Tibetan Plateau, and less from the southern part of Mongolia (14, 26, 31) . The sources of dust can differ among regions, dates, and seasons.
In extreme cases, the dust can cause visibility problems, hinder the operation of precision machinery, and impair the growth of agricultural products. In Beijing (China) during spring, more than 10 tons (km) −2 of soil is estimated to fall on the ground per month due to Asian dust. In Japan, more than one million tons year −1 of soil is estimated to fall on the ground (http://www.pref.nagasaki.jp/eiken/taiki/kousa.html). Occasionally, a dust storm in western China has produced a huge atmospheric dust cloud that was transported across the Pacific Ocean and caused elevated dust concentrations over much of the Pacific coast of North America (5), and the ironrich dust gave rise to phytoplankton growth in the Pacific Ocean (1) .
Studies on dust-borne microorganisms have been carried out during African dust events. The number of bacteria and fungi that can be cultured from air samples increased significantly when African dust was in the atmosphere (10) . However, current knowledge about the bacterial community in Asian dust and the source regions is limited (19) . The advent of ribosomal DNA analysis allows not only the characterization of bacterial communities, but also comparisons with geographically distant locations without culturing (6) .
The purpose of this study was to estimate the amount of bacteria attached to soil particles in Asian dust and characterize the bacterial communities using ribosomal DNA-based approaches. The bacterial communities in Asian dust were compared to those in regions where the dust emanates by terminal restriction fragment length polymorphism (T-RFLP), denaturing gradient gel electrophoresis (DGGE) fingerprinting and sequencing of the 16S rRNA gene.
Materials and Methods

Collection of Asian dust in Beijing
Asian dust samples which fell on the top of a building (ca. 10 m in height) were collected at the China Agricultural University in Beijing (Republic of China). Up to 1 gram of dust that naturally fell into a stainless-steel bucket over 24 h was collected without the usual air sampler. Nine samples were obtained on different days during the period from March 23 to May 3, 2006 . Data on visibility at Beijing airport (http://weather.noaa.gov/weather/metar.shtml) and a total ozone mapping spectrometer aerosol index (http:// toms.gsfc.nasa.gov/) were used to describe dust conditions (Table 1) . On April 2 and 17 (sample B4, B9) and May 3 (sample B15), strong Asian dust events occurred in Beijing. Visibility at Beijing airport was 1.7 to 5 km due to soil aerosol, and satellite images showed that Beijing was covered by a dust storm. On the other days, dust events were weak.
Collection of soils from possible sources of the dust
Fifty-gram samples of surface soil were collected in duplicate from 72 sites on the Loess plateau, 11 sites in the Gobi desert, and 14 sites in the Taklamakan desert ( Fig. 1) 
DNA extraction
Total nucleic acid was extracted from 1 g of sample using an UltraClean Soil DNA Kit Mega Prep (Mobio Laboratories, Solana Beach, CA, USA) according to the manufacturer's guidelines. About 8 mL of DNA suspension was obtained. Then 100 µL of the DNA suspension was purified using a MinElute PCR Purification Kit (Qiagen, Tokyo, Japan) according to the instructions provided.
Quantitative real-time PCR
The 16S rRNA gene was quantified by real-time PCR with a LightCycler (Roche Diagnostics, Mannheim, Germany). LightCycler Fast Start DNA Master SYBR Green I (Roche Diagnostics) was used with 5 mM Mg 2+ and 1 µM of the primers EUB f933 (5'-GCACAAGCGGTGGAGCATGTGG-3') and EUB r1387 (5'-GC-CCGGGAACGTATTCACCG-3') (16) . One microliter of purified DNA from Asian dust samples was subjected to quantitaive realtime PCR as a template. After a hot start for 10 min at 95°C, 45 cycles of PCR were run with denaturation at 95°C for 15 s, annealing at 60°C for 10 s and extension at 72°C for 30 s. 1×10 1 -1×10 7 copies reaction −1 of PCR products of Escherichia coli W3110 were used as the standard DNA template to make a standard curve for quantification of the 16S rRNA gene. The PCR product for the standard was amplified with EUB f933 and EUB r1387.
To determine the rate of recovery of DNA during extraction, known amounts of PCR products of the luciferase gene (luc) were inoculated into the soil or Asian dust samples as an internal standard since the soil and dust samples used in this study did not contain the luc gene sequence. The 1678-bp sequence of the luc gene on pGeneGrip Fluorescein/Luciferase (Gene Therapy Systems, San Diego, CA, USA) was amplified by PCR with the primers pgL1908f (5'-AGGAAGCTTTCCATGGAAGA-3') and pgL3585r (5'-GCCTGGTCTAGAATTACACGG-3'). After inoculation of the PCR products and DNA extraction, the copy number of the luc gene (175 bp) was quantified by LightCycler. The LightCycler Fast Start DNA Master Hybridization Probes (Roche Diagnostics) was used with 5 mM Mg 2+ , 1 µM of pgL1908f and Luc175r (5'-CA-GCGTAAGTGATGTCCACC-3'), and 0.2 µM of 3'-FITC labeled n-LucHP1 (5'-TGAAGAGATACGCCCTGGTTCC-3') and 5'-LCRed640 labeled n-LucHP2 (5'-GGAACAATTGCTTTTACA-GATGCACATA-3'). After a hot start for 10 min at 95°C, 40 cycles of PCR were run with denaturation at 95°C for 15 s, annealing at 60°C for 10 s and extension at 72°C for 15 s. The DNA recovery rate was calculated by comparing the copy number of the inoculated luc gene before and after DNA extraction. The copy number of the 16S rRNA gene quantified by real-time PCR per gram of dust sample was calibrated based on the recovery rate.
The LightCycler data was analyzed with LightCycler software, version 3.5 (Roche Diagnostics). To confirm the specificity of the reaction after real-time PCR, the PCR mixture in a glass capillary was collected and subjected to agarose gel electrophoresis in addition to a melting curve analysis with LightCycler.
Whole genome amplification
Whole genome amplification was performed for community analyses with T-RFLP and DGGE. Without the amplification, sufficient amounts of product could not be obtained under the PCR conditions described below. The extracted DNA was amplified using the GenomiPhi DNA amplification kit (GE Healthcare, Buckinghamshire, UK). In the kit, DNA was amplified by a strand displacement reaction with random hexamer priming. Amplification was carried out according to the manufacturer's guidelines. One microliter of template DNA was added to 9 µL of sample buffer and the mixture heated to 95°C for 3 min to denature the DNA. The sample was cooled and mixed with 9 µL of reaction buffer and 1 µL of enzyme mix and then incubated at 30°C for 18 h. After amplification, the DNA polymerase was heat-inactivated during 10 min of incubation at 65°C. The amplified DNA was subjected to T-RFLP and DGGE analyses.
T-RFLP analysis
For the T-RFLP analysis, nearly full-length 16S rRNA gene sequences of the bacterial domain were amplified by PCR using the universal primers Cy5-labeled-8f (5'-AGAGTTTGATCCTGGCT-CAG-3') (4) and 1492r (5'-TACCTTGTTACGACTT-3') (33) . PCR amplification was performed with the reagents supplied with Ampli- Taq Gold (Applied Biosystems, Carlsbad, CA, USA). The PCR mixture, containing 2.5 U of AmpliTaq Gold, 0.5 µM of each primer, 3 µL of a 25 mM MgCl2 solution, 5 µL of a 2 mM concentration of each deoxyribonucleoside triphosphate and 5 µL of 10×PCR buffer was made up to 48 µL with DNA-free water. A DNA suspension with whole genome amplification was added last in a 2 µL volume. After an initial denaturing step at 95°C for 10 min, 35 cycles were performed as follows: denaturing was carried out at 94°C for 1 min, primer annealing was performed at 42°C for 1 min, and primer extension was performed at 72°C for 3 min. The final extension step was at 72°C for 7 min.
PCR products were purified using a MinElute PCR Purification Kit (Qiagen). The purified PCR products were then digested with MspI (MBI Fermentas, Vilnius, Lithuania) for 4 h at 37°C. DNA was precipitated by ethanol and the DNA pellet was suspended in CEQ Sample Loading Solution (Beckman Coulter, Fullerton, CA, USA). CEQ DNA Size Standard-600 (Beckman Coulter) was added as an internal standard and fluorescence labeled terminal restriction fragments (T-RFs) were size-separated by capillary electrophoresis using the CEQ 8000 (Beckman Coulter). The T-RF size was determined by comparison with the internal standard. T-RFs shorter than 90 bp were excluded from the analysis to avoid uncertainties associated with fragment size determination as reported by Hodges et al. (13) . Most peaks derived from dust and soil samples were larger than 90 bp in this study.
Statistical analysis of T-RFLP profiles
For the statistical analysis, T-RFs with a peak area contribution below 1% were regarded as background noise and excluded. The relative abundance of each T-RF peak was determined by calculating the ratio between the area of each peak and the total area of all peaks within one sample. The peak size of T-RFs was rounded off to an integer and consecutive integers were assigned to the same peak. The Euclidean distance between each sample was calculated based on relative abundance of each peak. Differences in community structure were assessed graphically using the ordination method of non-metric multidimensional scaling (MDS) calculated on the basis of Euclidean distance. All statistical analyses were performed using SPSS for Windows version 10.1.3 (SPSS Japan, Tokyo, Japan).
DGGE analysis
For the DGGE analysis, 16S rRNA gene sequences of DNA after whole genome amplification were amplified by PCR with the primers EUBf933-GC-clamp (5'-CGCCCGCCGCGCGCGGCG-GGCGGGGCGGGGGCACGGGGGG GCACAAGCGGTGGAG-CATGTGG-3') and EUB r1387, which are specific for universally conserved bacterial 16S rRNA gene sequences (16) . PCR amplification was performed as described by Iwamoto et al. (16) . PCR products were loaded onto a 6.5% (wt/vol) polyacrylamide gel in 1×buffer (40 mM Tris, 20 mM acetic acid, and 1 mM EDTA at pH 8.0). The 6.5% (w/v) polyacrylamide gel (acrylamide/bisacrylamide ratio, 37.5:1) was made with gradients of denaturant ranging from 40 to 70% for 16S rRNA gene fragments. The denaturant (100%) contained 7 M urea and 40% formamide. The electrophoresis was run at 55°C, for 10 min at 20 V, and subsequently for 14 h at 90 V. After electrophoresis, the gels were stained for 30 min with SYBR Gold nucleic acid gel stain (Invitrogen, Carlsbad, CA, USA) as specified by the manufacturer. Digital images were collected with the Gel Doc XR System (Bio-Rad Laboratories, Hercules, CA, USA).
Sequencing of DGGE fragments
Major bands in the DGGE gel of 16S rRNA gene fragments were excised with a razor blade and soaked in DNA-free water at 4°C overnight. After centrifugation at 8,000×g for 10 min at 4°C to remove insoluble materials, the supernatant was subjected to PCR amplification using the EUBf933-GC-clamp and EUBr1387 primers. PCR products were purified with a MinElute PCR Purification Kit (Qiagen), and cloned into the pGEM-T Easy Vector System (Promega, Madison, WI, USA) with E. coli JM109 as the host. The clones were amplified with M13 primers. The diluted PCR products were further amplified with EUBf933-GC-clamp and EUBr1387, and DGGE was performed. Clones which had an unique DGGE band were sequenced and then phylogenetically analyzed. The sequencing of selected clones was performed on a CEQ 8000 (Beckman Coulter) with the primers EUB f933 and EUB r1387.
Nucleotide sequence accession numbers
The GenBank accession numbers of the sequences determined in this study are AB433632 to AB433633.
Results and Discussion
Abundance of bacterial genes in Asian dust
The abundance of bacteria in Asian dust samples was measured by real-time PCR targeting the 16S rRNA gene with universal primers. Asian dust samples collected in Beijing during a major dust event (B4, B9, B15), a moderate dust event (B2, B3), and a minor dust event (B1, B6, B8, B14) are shown in Table 2 . Abundance did not differ significantly between the minor and major events (P>0.05). Since bacterial cells carry 1 to 15 copies of the 16S rRNA gene in their genome (17) , Asian dust samples were estimated to contain 1.6×10 6 to 3.5×10 9 bacterial cells gram −1 . Thus, independent of the scale of the dust event, dust samples deposited in Beijing contained at least 10 6 bacterial cells gram −1 in the season. Arid soils in desert regions have been reported to include some 10 6 bacterial cells gram −1 (8, 20) . The bacterial abundance in Asian dust samples was similar to that in arid soil samples. In Beijing, the amount of soil deposited by Asian dust is reported to be about 10 tons (km) −2 per month, resulting in 2×10
13 to 4×10 16 bacterial cells (km) −2 per month.
Community fingerprints in Asian dust samples
To examine the similarity of bacterial communities among Asian dust samples, a T-RFLP analysis was performed with DNA from 9 Asian dust samples ( Fig. 2A) . Three to 15 operational taxonomic units (OTUs) were detected in each sample. In the samples from B1, B2, B3 and B8, two dominant OTUs with lengths of 115 bp and 150 bp were detected. In other samples, three dominant OTUs with lengths of 432 bp, 488 bp and 492 bp were detected. MDS analyses were conducted to probe differences in community structure among the Asian dust samples (Fig. 2B) . Comparisons of the 9 sam- ples showed that they formed two groups. B1, B2, B3 and B8, which were collected on days when a major dust event did not occur, formed one group. On these days, visibility was high and the concentration of soil aerosol was low (Table 1) . Samples B4, B9 and B15, which were collected on days when a major dust event did occur and so visibility was low and the concentration of soil aerosol was high (Table 1) , formed the other group with B6 and B14. Although samples B6 and B14 were collected on days when a major dust event did not happen, they grouped with the samples from major dust events. The samples might have been affected by strong dust a few days before. The data on visibility and total ozone mapping spectrometer aerosol index as described in Table 1 show changes in the scale of dust events among the sampling dates. The similarity of bacterial communities among Asian dust samples (Fig. 2) was associated with the level of visibility and concentration of soil aerosol. These results show that the bacterial community structures of Asian dust samples differed greatly according to the scale of the dust event.
Comparison of the Asian dust bacterial community with dust source samples
The Asian dust samples may have bacterial populations similar to those in soil from the regions where the dust emanates. Bacterial communities in Asian dust samples were compared using T-RFLP profiles to those from soil samples collected at 5 possible sources located in the arid zone of China. Representative T-RFLP profiles of soil samples are shown in Fig. 3 . In samples from 3 regions on the Loess plateau (Taiyuan, northwest of Yulin, and southeast of Yulin) as well as the Taklamakan desert, three dominant OTUs with lengths of 432 bp, 488 bp and 492 bp were detected (Fig.  3A) . These samples were similar to three Asian dust samples from major events (B4, B9 and B15, Fig. 2A ). In contrast, the OTUs were not detected in soil samples from the Gobi desert or other soil samples from the Loess plateau (Fig. 3B) . MDS-based comparisons of samples showed that T-RFLP profiles of some soil samples from the Loess plateau (Fig.  4A, 4B and 4C) and Taklamakan desert (Fig. 4E) were similar to those of Asian dust samples from major events.
Comparisons of community fingerprints between Asian dust and possible sources thereof showed that some specific OTUs found in Asian dust samples from major events, were also observed in soil from arid regions of China. A recent isotopic study with soils from major Chinese deserts suggests that dust that descended on the Beijing area in April 2006 originated largely from the Ordos Plateau (31) . Some of our sampling sites on the Loess Plateau were located near the Ordos Plateau. The results of our T-RFLP analyses do not contradict this report. However, the sources of Asian dust may differ with weather conditions.
Community members in Asian dusts
To further examine the similarity in bacterial population between Asian dust and soil samples and obtain information on common phylotypes, DGGE and sequencing were performed. Soil samples with similar T-RFLP profile to Asian dust samples were chosen from results in Fig. 3 and Fig. 4 and community fingerprints were compared in the same DGGE gel with Asian dust samples from major events (B4, B9 and B15). Two common DGGE bands were produced with samples of Asian dust and possible sources thereof (Fig. 5) . The band 1 nucleotide sequence (GenBank accession number AB433633) had 98% similarity (417/423 bp) to Serratia spp. which belong to the Gammaproteobacteria, and the band 2 nucleotide sequence (GenBank accession number AB433632) had 96% similarity (369/383 bp) to Ralstonia spp. which belong to the Betaproteobacteria. The two common bands were not observed in samples from minor dust events (data not shown).
Members of the genus Serratia are widely found in soil, fresh water, animal and human gut, plant surfaces, etc. Among the genus, S. marcescens is normally the only pathogen and usually causes nosocomial infections (11, 29) . Members of the genus Ralstonia are often found in soil. Ralstonia solanacearum is a phytopathogenic bacterium capable of infecting a large number of plant species. Some members of Ralstonia are able to degrade an impressive list of chloroaromatic compounds and chemically-related pollutants (9, 28) .
DGGE allows a quick comparison of profiles from related microbial communities. However, artifacts are a concern (3). The co-migration of bands would decrease resolution, and make a band's identity less informative. In order to confirm single band product, several clones were analyzed after the cloning of excised bands in this study. One way to improve the reliability of DGGE is to combine several molecular tools such as T-RFLP, clone libraries, FISH etc. For community analyses with T-RFLP and DGGE, whole genome amplification was performed in this study. Multiple strand displacement amplification is an increasingly common technique by which minute amounts of DNA can be multiplied. Its applications and limitations have been discussed (15, 18, 22) , and the possibility of artifacts attributable to biased amplification cannot be excluded.
In summary, Asian dust samples collected in Beijing contained 2.5×10 7 to 3.5×10 9 copies of the 16S rRNA gene gram −1 . More than 2×10 13 to 4×10 16 bacterial cells (km) −2 per month were estimated to be brought to Beijing by Asian dust. T-RFLP analysis revealed that the bacterial community structures in Asian dust samples differed greatly according to the scale of the dust event. The bacterial communities of Asian dust samples in major events were similar to those from an arid region of China. Knowledge about the stability of bacterial community composition during transportation with dust is limited. Further studies on the bacterial community structure of each source of Asian dust and stability during transportation at low temperature and low atmosphere pressure and under severe UV irradiation are required to clarify the bacterial transport in dust storms and understand the potential impact of microbes in Asian dust on human health and the Earth's ecosystems.
